This odd-even staggering property originates from the nuclear field shift effect. The 31 contribution of the nuclear field shift effect to the observed isotope enrichment factor 32 was estimated to be 5 to 30%. 
Introduction 36 37
The classic theory of chemical isotope fractionation only predicts mass-dependent 38 isotope effect due to the isotopic difference in vibrational energies of isotopomers (Urey, 39 1947; Bigeleisen and Mayer, 1947) . No exception to that rule was found until the 40 mid-80s. Mass-independent isotope fractionations were first observed for O and S (see a 41 review by Thiemens, 2006) . The difference in the symmetry and the densities of states 42 of the activated isotopomers is a possible origin for these mass-independent isotope 43 fractionations (Hathorn and Marcus, 1999) . Alternative interpretations have been 44 discussed in review articles (Weston, 1999; Thiemens, 2006) . For heavy elements, an 45 anomalous isotope enrichment of 235 U was found in a redox reaction using liquid 46 chromatography (Fujii et al., 1989) . Isotope separation factors for even atomic mass 47 isotopes, 234 U, 236 U, and 238 U, showed a mass-dependent trend, while that of 235 U 48 deviated from it. For middle-heavy elements, Nishizawa et al. (1995) found the 49 anomalous isotope fractionation named the odd/even isotope effect, and a similarity 50 between the odd/even isotope effect and the odd-even staggering of <r 2 > were pointed 51 out (Nishizawa et al., 1995) . To examine the mass-independent isotope effect, the 52 conventional mass-dependent theory was reconsidered by one of the original authors 53 (Bigeleisen, 1996) . The original theory has been extended to include correction terms to 54 account for nuclear properties, i.e., nuclear mass, nuclear size and shape, and nuclear 55 spin. The nuclear field shift effect, which results from the isotopic change in the nuclear 56 size and shape, is recognized as the major origin of the mass-independent isotope effect 57 in uranium (Bigeleisen, 1996) . 58
Isotope shifts are well-known energy shifts in atomic spectra (King, 1984 ; 59 Aufmuth et al., 1987 ) and molecular spectra (Tiemann et al., 1982) . Basic knowledge of 60 isotope shifts is essential for understanding the isotope effects caused by the nuclear 61
properties. The field shift is an isotope shift which originates from the change of the 62 finite size and angular shape of the nuclear charge distribution when neutrons are added 63 to the nucleus. The isotope shifts result in a displacement in the minimum potential 64 energy of oscillation curve of isotopomers (Bigeleisen, 1996) . 65
The field shift is proportional to the isotopic difference in mean-squared 66 nuclear charge radius, δ<r 2 > (δ means isotopic difference) (King, 1984; Aufmuth et al., 67 1987 ). Mean-square radius, <r 2 >, of an odd atomic mass number isotope (with odd 68 number neutrons) is usually smaller than the value expected from the adjacent isotopes 69 with even atomic mass numbers (with even number neutrons). This unique property is 70 known as the odd-even staggering which can be seen in every element (King, 1984 ; 71 Aufmuth et al., 1987) . The mass-independent isotope effect of uranium (Fujii et al., 72 1989) possesses the odd-even staggering property, and hence, the anomaly was 73 attributable to the nuclear field shift effect (Bigeleisen, 1996; Nomura et al., 1996) . 74 Similar mass-independent isotope fractionation has also been found in a lighter 75 element, zinc (Nishizawa et al., 1993 (Nishizawa et al., , 1996 (Nishizawa et al., , 1998a (Nishizawa et al., , 1998b Fujii et al., 2001 ). Since 76 employing macrocyclic polyethers in a chemical exchange method is effective to create 77 larger isotope fractionation (Tsuvadze et al., 1996) , a crown ether was used as an 78 extractant for a solvent extraction process (Nishizawa et al., 1993 (Nishizawa et al., , 1996 (Nishizawa et al., , 1998a ) and a 79 cryptand as a stationary phase for liquid chromatography (Nishizawa et al., 1998b; Fujii 80 et al., 2001 ). In every ligand exchange system, an odd atomic mass number isotope 67 Zn 81
showed the anomalous enrichment property compared to that of the even atomic number 82 isotopes.
From these results, we expect that the mass-independent isotope 83 fractionation can also be found for a congener, cadmium. In this context, we 84 fractionated cadmium isotopes by using a liquid-liquid extraction with a crown ether, 85 dicyclohexano-18-crown-6 (DC18C6). The mass-independent property of Cd isotope 86 fractionation was investigated. 87
Cadmium isotopic anomalies have been found in few meteoric samples 88 (Rosman et al., 1978 (Rosman et al., , 1980 origin of isotopic anomalies found in several meteoritic samples (Fujii et al., 2006a,b) . 95
Chemical reactions may have accompanied the formation of these samples, and hence, it 96 is interesting whether the mass-independent isotope fractionation occurs in our chemical 97 exchange system. 98
In studies of the Zn isotope effect (Nishizawa et al., 1993 (Nishizawa et al., , 1996 (Nishizawa et al., , 1998a (Nishizawa et al., , 1998b ; 99 and Pb (Manhès and Göpel, 2003, 2007) isotopes, it has been pointed that a 107 mass-independent bias may be created by using the silica gel method. Since the 108 mass-independent isotope fractionation of Zn has been confirmed by both TIMS and 109 The blank from the chemistry is <1ng which is negligible with regards to the large 143 quantity of Cd extracted from the crown-ether experiments (~10mg Cd 
where L means ligand, DC18C6. The curve of log D vs. log HCl a can not be 176 explained by this reaction. This acidity dependence would be attributable to a 177 co-extraction of HCl. The extraction reaction may be rewritten as, 178
The stability constant of reaction 6, K L , can be written, 179
180 where we set the activity coefficients for the organic phase, 
In a crown ether system, an extraction of anionic species from the concentrated HCl has 195 been reported (Beklemishev et al., 1997 The conventional mass-dependent theory of the Bigeleisen-Mayer equation 221 (1947) has been extended to include the nuclear field shift effect (Bigeleisen, 1996) (Table 1) , but 232 magnitudes of the odd-even staggering seem to be smaller. This is because our ε data 233 are sum of mass-dependent and mass-independent isotope effects as shown in Eq. 12. 234
We compare our ε data with δ<r 2 > data as follows. 235
If m of δ m Cd is an odd atomic mass number, it can be expressed as δ 2n+1 Cd, 236 while those for adjacent even ones can be expressed as δ 2n Cd and δ 2n+2 Cd. We 237 checked differences between (δ 2n+2 Cd − δ 2n+1 Cd) and (δ 2n+1 Cd − δ 2n Cd) by using data 238 given in Table 1 . It should be noted that a correction with the reduced mass (δm/mm') 239 is required in order to compare these. The following ratio is evaluated. Figure 4 . In the same 246 manner with Eq. 13, R odd-even for δ<r 2 > was also calculated, which is shown together. 247
The R odd-even values show clear deviation from unity. This proves that the isotope 248 fractionation of Cd contains the mass-independent isotope effect. The mass-independent 249 property may have been caused by the nuclear field shift effect. 250
In order to confirm that the nuclear field shift effect had taken place, we 251 present isotopic anomalies in ε unit. ε m is defined as parts per 10,000 deviation from 252 the mass dependent line drawn for a pair of even atomic mass isotopes, 110 Cd and 114
Cd. 253
For comparison, the δ<r 2 > values were also normalized by the same manner. Figure 5  254 shows a representative example for the 2.8 M acidity case. As shown in Figure 5 , the 255 normalized values for ε show a quite similar trend to those for δ<r 2 >. Similar trends 256 were found for all acidity conditions. Hence, it can be concluded that the mass 257 independent isotope fractionation of Cd originated from the nuclear field shift effect. 258
As this study was performed under a constant temperature; Eq. 12 can be 259 simplified as, 260 property of the nuclear field shift effect. By increasing the nuclear field shift effect 272 and/or decreasing the mass effect, the mass-independent property will approach to the 273 profile of δ<r 2 >. Moreover, if the mass effect has a similar magnitude with an inverse 274 sign to the nuclear field shift effect, an intensive mass-independent property like Figure  275 5 should appear. Under this extreme condition, the small change of the ratio of the 276 nuclear field shift effect vs. the mass effect results in the drastic change of the 277 mass-independent profile. 278
There are two ways to change the ratio of the nuclear field shift effect vs. the 279 mass effect. The first way is to change the fractions of chemical species by controlling 280 acidity, ionic strength (concentrations of cation and anion and acidity), and 281 concentration of extractant. Since each isotopic exchange reaction (e.g., for reactions 282 1 to 6) may have a specific ratio of the nuclear field shift effect vs. the mass effect, this 283 ratio in the total isotope effect should be affected by the fractions of species, but, 284 changing acidity was less effective for the case of cadmium. 285
The second way is to change the molecular orbital itself by changing the 286 coordination and bonding circumstances, i.e., changing the types of extractant, counter 287 anion, aqueous and organic solvents. Investigating the second way should be 288 performed with a quantum chemical study on what kind of molecular orbital enlarges 289 the nuclear field shift effect. Recently, the magnitudes of nuclear field shift effects of 290 heavy elements (Tl, Hg, U, and so on) were estimated by employing quantum chemical 291 calculations (Schauble, 2007; Abe, 2008) . The growth of their research field will be 292 helpful for further studies on nuclear field shift effect. 293
As a final note, we present a possibility of the nuclear field shift effect in nature. 294
Cd isotopic anomalies have been observed in the ordinary chondrites Brownfield (H 295 3.7) and Bishunpur (LL3.1) (Rosman et al., 1978 (Rosman et al., , 1980 (Rosman et al., , 1988 . They have pointed out 296 that nucleosynthesis, neutron irradiation, and isotope fractionation in mass spectrometry 297 are disallowed as the origin of these anomalies, however no alternative origin is 298 explained. When normalized to 110 Cd/ 114 Cd these data let anomalies in 111 Cd and 113 Cd, 299 which is similar to what is expected from the nuclear field shift effect (Fig. 5) . 300
Therefore field shift effect during chemical exchange reactions on the parent body of 301 these meteorites may be an alternative origin for these Cd isotopic anomalies (Fig. 8) . 302
303

Conclusions 304
Cadmium isotopes were fractionated by the liquid-liquid extraction technique with 305 dicyclohexano-18-crown-6. The odd atomic mass isotopes showed excesses of 306 enrichment comparing to the even atomic mass isotopes. This mass-independent 307 property is attributable to the nuclear field shift effect. The isotope enrichment factors 308
showed an acidity dependence, while the ratio of contributions of the mass effect and 309 the nuclear field shift effect were less sensitive to the acidity change. 310 311 Acknowledgment 312 TF thanks Roy Jacobus for his help in improving the English of this paper. Errors are 2σ of experimental uncertainties (the error evaluation procedure can be seen 423 in our previous study (Fujii et al., 2006b 
